CrN/AlN multilayer coatings with various bilayer periods in the range of 1.8 to 7.4 nm were synthesized using a closed-field unbalanced magnetron sputtering method. Their crystalline structure, chemical compositions and mechanical properties have been investigated with Auger electron spectroscopy, X-ray diffractometry, atomic force microscopy, nanoindentation, scratch tests. The properties of the multilayer coatings varied strongly depending upon the magnitude of the bilayer period. The multilayer coating with a bilayer period of 1.8 nm showed the maximum hardness and an elastic modulus of approximately 37.6 and 417 GPa, respectively, which was 1.54 times higher than the hardness predicted by the rule of mixture from the CrN and AlN coatings. The hardness of the multilayer coating increased as the bilayer period decreased, i.e. as the rotation speed increased. The Hall-Petch type relationship, hardness being related to (1/periodicity)
Introduction
Binary metal nitride films such as TiN, CrN, and ZrN made up the first generation of hard coatings. Since the mid-seventies, these nitrides have been exploited commercially for various cutting and tool applications due to their high hardness, high toughness, excellent chemical inertness, and good oxidation resistance. Likewise, their attractive appearance led to them being utilized for a large number of decorative applications [1] [2] [3] [4] [5] . However, the mechanical properties of these binary metal nitrides at high temperatures degrade very rapidly as the porous oxides form at the film surface, especially above 600
. Naturally then, the next step in the development of PVD hard coatings was to improve the temperature resistance of the thin films to make them more suitable for high temperature applications.
In order to overcome the problems inherent within binary coatings, a multi-component coating system with the addition of other elements such as Cr, Al, Si, etc., into a binary system was investigated [7] [8] [9] . For example, an extensive improvement in thermal stability and oxidation resistance of the CrAlN thin films could be obtained with the addition of the Al element into the CrN binary system 7, 8) . Recently CrN/AlN multilayer coatings with various bilayer periods have been introduced for the improved mechanical, thermal and wear-resistant properties 2, [10] [11] [12] [13] [14] [15] [16] . Especially the oxidation resistance of the multilayer coatings is strongly affected by the bilayer period as well as the composition of the coatings.
However, the mechanical behavior of CrN/AlN superlattice films in terms of bilayer period needs further investigation and in this work, multilayerstructured thin films with various bilayer periods were synthesized by depositing two alternating CrN and AlN thin films. The improvement of the mechanical properties of the CrN/AlN films was then investigated. Focus will be drawn to the effect of various bilayer periods on the mechanical properties of the CrN/AlN multilayer coatings.
Experimental Details
CrN/AlN multilayer coatings were deposited on Si(100) wafer and nitrided AISI H13 steel using a closed-field unbalanced magnetron sputtering process with separated Cr and Al targets (round planar target: diameter 100 mm, t = 10 mm). Prior to each coating being deposited, the substrates were cleaned ultrasonically using acetone. The base pressure of the sputtering chamber was pumped down to less than 6.6 × 10 −3 Pa.
During deposition, a constant Cr target power of DC 0.4 kW was maintained, and the discharge current of the Al target was maintained at unipolar pulse DC 1.8A (frequency 20 kHz and duty cycle 50%), under which the thickness ratio of the CrN layer to the AlN layer becomes 1:1. Substrate rotation speed was varied from 3 to 12 rpm to synthesize the films with various bilayer periods. The distance of target-to-substrate, substrate bias voltage and coating temperature were fixed to 60 mm, DC −100V and 150 o C, respectively. During the deposition process, the Ar pressure was set initially at 2.4 × 10 −3 Torr and the reactive gas of N 2 was subsequently added to obtain the desired gas composition, maintaining a total working pressure of 4.4 × 10 −1 Pa.
The chemical compositions of coatings were analyzed using the elemental depth profiles measured by Auger electron spectroscopy (AES: PHI 670). The crystal phase and bilayer period of the coatings were characterized by high-angle and low-angle X-ray diffraction (XRD: SEIFERT 3000PTS) with CuKα radiation. The intrinsic hardness (H) and elastic modulus (E) of the coatings were measured using a nanoindentation instrument (Nano-indenter XP: MTS instrument Co.) with a Berkovich diamond tip by fixing the indentation depth to 150 nm, which was less than 10% of the total thickness of the film. The residual stress in the films was determined by wafercurvature measurements using a laser reflectance system, and the Stoney formula was used to calculate the residual stress in the films.
The surface morphologies were investigated using atomic force microscopy (AFM: Digital Instruments) and the critical load for the chipping of films (thickness: approximately 3.0 µm) was evaluated by using a scratch tester (revetest: CSEM) with a spherical diamond tip radius of 200 µm.
Results and Discussion
3.1 Chemical composition and crystalline structure Fig. 1 illustrates the typical elemental depth profiles from the CrN/AlN multilayer coatings synthesized with a substrate rotation speed of 6 rpm. The periodicity due to a multilayer structure is clearly shown and it indicates that the processing conditions to synthesize CrN/AlN multilayer coatings with a 1:1 ratio were realized. Equally important is that carbon and oxygen elements were rarely found at any depth in the coating. This is indicative of the lack of carbon and oxygen contamination during deposition.
Results from the low-angle XRD analysis are shown in Fig. 2 , and the bilayer period of the multilayer coatings were calculated from these patterns using the standard Bragg equation. As the substrate rotation speed decreased, the peaks became sharper and had higher intensity. It became clear that the second and third order reflection appeared at substrate rotation speed of 12 rpm. This is due to the fact that the sharp interface between individual component layers in the film became defined without inter-diffusion among layers. They were 7.4 nm, 3.5 nm, 2.5 nm, and 1.8 nm for the coatings synthesized with the substrate rotation speeds of 3, 6, 9, and 12 rpm, respectively. Hence, the bilayer period decreases as the rotation speed increases.
The results from the high-angle XRD analysis on the coatings are shown in Fig. 3 . The CrN/AlN multilayer coatings with substrate rotation speeds of 3, 6, and 9 rpm showed a superlattice peak between the CrN (200) peak and the AlN (400) peak. Also observed was a satellite peak (n = −1) from the CrN/ AlN multilayer coatings synthesized with 3 rpm, as indicated in Fig. 3 . This satellite reflection indicates that the multilayered coatings deposited at 3 rpm have well-defined interfaces. However, no satellite peak was observed for the coatings synthesized with 6 and 9 rpm. It could be attributed to some level of interfacial mixing present between the CrN and AlN layers. Disappearance of the satellite peaks due to interfacial mixing has also been observed by other researchers 17, 18) . The CrN/AlN films synthesized with the highest rotation speed of 12 rpm were expected to have an extensive degree of interfacial mixing. As expected, they did not show any superlattice peaks, but a diffraction peak at 2θ = 37. , as shown in Fig. 4 . It was interesting that not only the diffracted peaks at similar 2θ values, but also the similar hardness values from these thin films were observed. Based upon this observation, it is believed that due to a high substrate rotation speed, extensive interfacial mixing occurs between the layers and the coating synthesized with 12 rpm was unable to form a clear multilayered thin film, but rather became a very fine microstructure, a mixture of the CrN and AlN phases. However, a detailed investigation using HR-TEM is necessary.
Hardness
The hardness and the elastic modulus of the CrN/ AlN multilayer coatings with various bilayer periods were measured to be approximately 24.3 to 37.6 GPa and approximately 278 to 407 GPa, respectively, as shown in Fig. 5 . It was noted that the hardness of the multilayer coating increases as the bilayer period decreases, i.e. as the rotation speed increases. The CrN/AlN coatings with bilayer period of 1.8 nm (12 rpm) showed the maximum hardness and elastic modulus of approximately 37.6 and 407 GPa, respectively. It was approximately 1.54 times higher than the hardness predicted by the rule of mixture from CrN (23 GPa) and AlN (25 GPa) coatings. All other multilayer coatings with other rotation speeds showed a higher hardness than that predicted by the rule of mixture from the individual phases making up the multilayer coatings.
The strengthening mechanisms for the nanostructured . Koehler's concept was demonstrated experimentally by Lehoczky on the metallic Al/Cu and Al/Ag multilayers, and it was concluded that a Hall-Petch type relationship could be used to relate the hardness of the nanostructured multilayer coatings to (1/periodicity)
, where periodicity means a bilayer period or superlattice period 20) . This Hall-Petch type relationship had been confirmed in many systems, including metal/nitride and nitride/ nitride. Research was then focused on determining whether or not this Hall-Petch type relationship was applicable for the CrN/AlN multilayer coating with a bilayer period of approximately 5-10 nm. As shown in Fig. 5 , there was approximately a 10 GPa improvement in hardness by varying the bilayer period from 7.4 nm (3rpm) to 3.5 nm (6rpm). As such, the validity of the relationship for this structural change to predict the hardness variation was examined. As the hardness of the multilayer coating is proportional to bilayer period (∆) −1/2 in the Hall-Petch type relationship, the ratio of the hardness from the CrN/ AlN coatings with bilayer period of 3.5 nm (6 rpm) to that with bilayer period of 7.4 nm (3 rpm) could be expressed:
i.e., according to the (1/periodicity) −1/2 relationship, the hardness of the CrN/AlN coatings with bilayer period of 3.5 nm could be estimated to be 1.45 times of that of the coatings with bilayer period of 7.4 nm. From the experimental data in Fig. 5 , the hardness of the coatings with bilayer period of 3.5 nm, 34 GPa was approximately 1.42 times of that with the coatings with bilayer period of 7.4 nm, 24 GPa, which is in good agreement with the estimated hardness ratio of 1.45 using the Hall-Petch type relationship.
As predicted in Koehler's concept, the hardness of the CrN/AlN multilayer coating did not seem to follow this Hall-Petch type relationship for very small bilayer period. By decreasing the bilayer period from 3.5 to 2.5 nm, no hardness improvement was measured, as shown in Fig. 5 . These measurements confirmed that there must exist a critical size range in which the Hall-Petch type relationship would be effectively applied, and the model would no longer be valid over the critical range, as suggested by Lehoczky 20) . The coherency strain or lattice mismatch at the interface could be utilized to explain the additional hardness increase in the coatings with small bilayer period or very fine microstructure. Large lattice parameter difference induces a large coherency strain at the interfaces, which in turn improves the hardness of the multilayer coatings by inhibiting the dislocation movement across the interfaces. Fig. 6 shows the results from the residual stress measurement as a function of the bilayer period. By decreasing the bilayer period from 2.5 nm (9 rpm) to 1.8 nm (12 rpm), a large increase in the compressive residual stress in the coating was observed, which was expected due to the large lattice parameter difference. This residual stress in turn could be attributed to the large increase in the hardness of the CrN/AlN coating with bilayer period of 1.8 nm (12 rpm), compared with the coatings with bilayer period of 2.5 nm (9 rpm).
Surface Morphologies and Adhesion strength
The surface morphologies of films with various bilayer periods are shown in Fig. 7 With increasing rotation speed, the rms of the CrN/AlN thin films increased and the rms of the CrN/AlN thin films with bilayer period of 1.8 nm (12 rpm) was almost three time lager than that of the CrN/AlN thin films with bilayer period of 3.5 nm (6 rpm). The surface roughness increased with decreasing bilayer period, which is attributed to the larger grain size and higher degree of crystallization of CrN/AlN multilayer film. These observations are basically consistent with the results from multi-component coatings reported by other researchers 21, 22) . Fig. 8 shows the critical load for the chipping of CrN/AlN thin films with various bilayer periods and the high residual stress associated with thin films with a small bilayer period causes the low adhesion strength. All CrN/AlN films showed similar failure mode which cracks started to appear, which became more frequent at higher loads. This failure mechanism in CrN/AlN films is the result of adhesive failure due to the compressive stress. Therefore, the critical load of films gradually decreased with increasing compressive residual stress. 
Conclusions
The CrN/AlN multilayer coatings with various bilayer thicknesses were successfully synthesized using an unbalanced magnetron sputtering method, and it was found that the hardness and thermal stabilities of the CrN/AlN multilayer coatings were dependent upon the bilayer period.
The hardness of the CrN/AlN multilayer coatings were measured and found to be in a range from approximately 24.3 to 37.6 GPa. A maximum hardness and elastic modulus of approximately 37.6 and 407 GPa, respectively, were obtained from the CrN/ AlN multilayer coatings with bilayer period of 1.8 nm.
The maximum hardness was 1.54 times higher than that predicted by the rule of mixture from the CrN and AlN coating. The hardness of the multilayer coating increased as the bilayer period decreased, i.e. as the rotation speed increased. The Hall-Petch type relationship, hardness being related to (1/periodicity) −1/2 , suggested by Lehoczky was confirmed for the CrN/ AlN multilayer coatings with bilayer period close to the 5-10 nm range. In case of small bilayer period in the range of <5 nm, the hardness increase in the film could be explained by the coherency strain or lattice mismatch at the interface.
With decreasing bilayer period, the surface morphology of the films became rougher and the critical load of films for adhesion strength gradually decreased. 
